Background The current method used to measure haemagglutinin (HA) content for influenza vaccine formulation, single radial immunodiffusion (SRID), is lengthy and relies on the availability of matched standardised homologous reagents. The 2009 influenza pandemic highlighted the need to develop alternate assays that are able to rapidly quantitate HA antigen for vaccine formulation.
Introduction
Vaccines are used to minimise the worldwide burden of influenza, a major disease that kills between 250 000-500 000 people annually. 1 Haemagglutinin (HA) presents the major target for virus-neutralising antibodies against influenza and is considered the most important component for protection. 2, 3 To elicit an adequate neutralising antibody response in recipients, influenza vaccines are formulated to a specific HA antigen content.
Regulatory guidelines specify the use of an immunological assay for vaccine HA antigen quantitation, and to date, the single radial immunodiffusion (SRID) assay has been widely employed for this purpose. 4 ,5 SRID utilises strainspecific sheep polyclonal antiserum raised against purified preparations of HA antigen, and quantitation of HA antigen is achieved using whole-virus standards with known HA antigen content. Whilst SRID has been used during influenza vaccine manufacture for many decades, it has several limitations. The SRID assay is time consuming, the process is unable to be automated and the assay has relatively poor accuracy and sensitivity. [6] [7] [8] [9] [10] Furthermore, SRID generally requires the use of strain-specific reagents, a reliance that can delay the development and release of vaccine. An alternative assay that detects immunologically relevant antigens, yet reduces the reliance on homologous reagents and has the capacity for high-throughput automation is highly desirable.
High-performance liquid chromatography (HPLC) and mass spectrometry have been proposed as alternate assays for HA quantitation; however, these approaches require denaturation of the HA antigen. 7, 10 They are unable to assess the immune relevance of the antigen or vaccine stability and thus are not suitable for influenza vaccine manufacture.
Several groups have examined enzyme-linked immunoassay (EIA) as an alternative for HA antigen quantitation; 6, 9 however, these studies did not examine EIA quantitation of immunologically relevant HA antigen or quantitation in comparison to SRID.
Here, we report the development of multiple subtypespecific EIAs for the quantitation of HA antigen. We assessed the correlation of these assays with corresponding SRID assays and demonstrated that these assays can detect relevant influenza HA antigens across H1N1, pandemic H1N1 (2009), H3N2, H5N1 and B subtypes. Significantly, many of our assays could accurately quantitate HA antigen across multiple drifted strains of influenza. We also demonstrated increased sensitivity for this approach and comparable precision and stability analysis in response to physical and chemical stresses.
Materials and methods

Antibodies
Monoclonal antibodies were produced as previously described 11 using density gradient-purified whole influenza virus propagated in embryonated hens' eggs as immunogens. Antibodies were raised against the influenza strains A ⁄ Hiroshima ⁄ 52 ⁄ 05 (H3N2; HIR3.8G11.1B5), A ⁄ Singapore ⁄ 37 ⁄ 09 (H3N2; SIN3.9G11.2B6), A ⁄ Brisbane ⁄ 59 ⁄ 07 (H1N1; ABR4.1D5.1B11), A ⁄ California ⁄ 07 ⁄ 09 (H1N1; CAL2.5C6.1E3), A ⁄ Indonesia ⁄ 05 ⁄ 05 (H5N1; ML3.4C9.1B2), A ⁄ Vietnam ⁄ 1194 ⁄ 04 (H5N1; VI8.5C2.1B10), B ⁄ Panama ⁄ 45 ⁄ 90 (PM10.2D7.2F11.1G6), B ⁄ Malaysia ⁄ 2506 ⁄ 04 (MIA1.8E3.1E9), B ⁄ Brisbane ⁄ 60 ⁄ 08 (BBR3.10E10.1C3) and B ⁄ Wisconsin ⁄ 1 ⁄ 10 (BWIS141.9B3.2D8). The resulting hybridomas were screened and selected on the basis of a positive haemagglutination inhibition (HAI) test. 12 For EIA, mAbs were concentrated using a Mini-Perm system (Greiner Bio-One, Kremsmuenster, Austria) and, where required, purified by buffer exchange using 0AE1 M carbonate buffer (pH 9AE5). For the sandwich EIA, mAbs were conjugated with horseradish peroxidase (HRP) according to manufacturers' specifications (Lightning Link; Innova Biosciences, Cambridge, UK).
Sheep polyclonal anti-HA antibodies and inactivated sucrose gradient-purified influenza, standardised for HA potency, were obtained from either the Therapeutic Goods Administration (TGA; Woden, ACT, Australia), the National Institute for Biological Standards and Control (NIBSC; Potters Bar, Hertfordshire, UK), or the Centre for Biological Evaluation and Research (CBER; Rockville, MD, USA). These antisera were raised against A ⁄ Indonesia ⁄ 05 ⁄ 05 (CBER) 
Monovalent pooled harvest (MPH)
Samples were collected for EIA and SRID testing during the MPH stage of vaccine manufacturing process. To produce MPH, purified and concentrated virus preparations, which have been inactivated using b-propiolactone, are split using sodium taurodeoxycholate and undergo filtration to remove detergent using proprietary methods (CSL Ltd). Monovalent pooled harvest preparations of the following viruses were used: A ⁄ Brisbane ⁄ 59 ⁄ 07 (H1N1), A ⁄ Brisbane ⁄ 10 ⁄ 07 (H3N2), A ⁄ Uruguay ⁄ 716 ⁄ 07 (H3N2), A ⁄ Victoria ⁄ 210 ⁄ 09 (H3N2), B ⁄ Brisbane ⁄ 3 ⁄ 07, B ⁄ Florida ⁄ 4 ⁄ 06 and B ⁄ Brisbane ⁄ 60 ⁄ 08. MPH preparations of known HA antigen concentration, measured using SRID, were used as standards.
Inactivated sucrose gradient-purified influenza standardised for HA potency, used as a standard for SRID, was obtained from the TGA, NIBSC or CBER as described for sheep polyclonal antisera.
Enzyme-linked immunoassay
Antigen capture and detection using native and conjugated mAbs was used to detect influenza HA antigen as previously described. 9 Briefly, microtitre plates (Nunc, Rochester, NY, USA) were coated with unconjugated mAb diluted in 0AE05 M carbonate buffer and incubated at room temperature (RT) overnight. Plates were blocked for non-specific binding using 1% (w ⁄ v) sodium casein solution in calcium-and magnesium-free PBS (PBS ) Optimisation of coating and detection for each EIA was performed by titration of unconjugated and conjugated mAbs, respectively, with fixed concentrations of purified inactivated virus. 13 The optimum mAb concentration was calculated to be the lowest level of antibody that gave maximum OD at 450 nm. Haemagglutinin samples were considered to be positive for the presence of HA if the OD at 450 nm was above a threshold of 4 standard deviations above the mean background reading.
Single radial immunodiffusion assay
SRID assays were performed as previously described. 14 Briefly, reference and test antigen materials were treated with PBS ) containing 1% (w/v) Zwittergent solution (Calbiochem, Darmstadt, Germany) and added to duplicate wells of agarose gels containing polyclonal antiserum diluted as recommended by the manufacturer. Gels were incubated for 72 hours in humidified chambers, dried onto glass plates and stained with Coomassie Brilliant Blue R-250 (Sigma). Circular zones of antigen-antibody precipitation were measured, and HA concentration was calculated by the parallel line bioassay method in comparison with IZP standards, 15 and test validity was confirmed using a 'g' test (g £ 0AE061). 16 Stability-indicating properties of EIA and SRID Trivalent vaccine material was subjected to the following stress tests: heat (60°C for 10, 30 or 120 minute); oxidation [0AE001, 0AE01, 1 or 5% (v ⁄ v) hydrogen peroxide at RT for 1 hour]; and pH (adjusted to pH 2, 3, 5 or 6 with HCl, or pH 8, 9 or 10 with NaOH, for 1 hour at RT and subsequently neutralised to pH 7AE1). The HA concentration of the stressed material was then measured using the relevant EIA or SRID assay.
Statistical analysis
Differences in HA concentrations determined by the EIA and SRID assays were compared between groups in twosample Student's t-tests. P < 0AE05 was taken as the level of statistical significance. and were confirmed to be specific for HA by HAI testing (data not shown). To determine subtype specificity, each mAb was screened against a panel of viruses by EIA. All mAbs were found to be highly subtype specific ( Table 1) .
Results
EIA development
The mAb raised against A ⁄ Brisbane ⁄ 59 ⁄ 07 (H1N1) detected three of eight pre-pandemic seasonal H1N1 strains and did not detect any of the four pandemic H1N1 influenza viruses tested. The mAb raised against A ⁄ California ⁄ 07 ⁄ 09 (pandemic H1N1) reacted with all four pandemic strains tested, but did not detect any of seasonal H1N1 viruses tested (n = 8).
The 
EIA shows greater sensitivity than SRID
To measure the sensitivity of EIA, we tested MPH derived from 10 viruses (H1N1, H3N2, H5N1 and B strains) in assays using the relevant mAb to determine the limits of detection (LOD) for the respective EIAs ( Table 2 ). The LOD was calculated using regression analysis to be the HA antigen concentration at which the OD at 450 nm was two standard deviations above the mean background value as described. 13 For EIAs using the homologous mAb (n = 4), the mean sensitivity was 182AE87 ng HA ⁄ mL (range 26AE26-412AE85 ng HA ⁄ mL). For non-homologous mAbs (n = 6), a mean sensitivity of 731AE62 ng HA ⁄ mL (range 12AE02-3670AE56 ng HA ⁄ mL) was observed. These differences in sensitivity were not statistically different (P ‡ 0AE05). In comparison, in our laboratory, the LOD for SRID is typically 10 000 ng HA ⁄ mL, although it varies between strains (data not shown).
The length of time between isolation of the virus used to raise the mAb and the test strain may impact the sensitivity of the EIA. For example, the mAb raised against B ⁄ Panama ⁄ 45 ⁄ 90 was able to detect a virus isolated 16 years later, B ⁄ Florida ⁄ 4 ⁄ 06, albeit with lower sensitivity (3670AE56 ng HA ⁄ mL).
Intermediate precision and repeatability of EIA compared with SRID Table 2) .
Repeatability was calculated from the coefficient of variation (CV) of samples tested in triplicate by a single operator. The average CV for the six assays was 3AE67 ± 1AE14% SD (range 1AE8-4AE8). Linearity was calculated Reactive strains refer to the number of virus isolates that cross-react with the tested mAb. Forward reactive strains refer to the number of those isolates that cross-react during or subsequent to the year at which the mAb was raised.
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Separately, the repeatability and intermediate precision of SRID were calculated for MPH prepared from the strains A ⁄ New York ⁄ 55 ⁄ 04 (H3N2), A ⁄ New Caledonia ⁄ 20 ⁄ 99 (H1N1) and B ⁄ Malaysia ⁄ 2506 ⁄ 04. Repeatability was determined by triplicate analysis of the CV by a single operator for A ⁄ New York ⁄ 55 ⁄ 04. The average CV was 4AE57 ± 2AE37% SD (range 1AE0-8AE0). Analysis of the intermediate precision in duplicate, by two operators on two occasions, for the three strains was measured to be 3AE75 ± 1AE25% SD (range 3-6%) for A ⁄ New York ⁄ 55 ⁄ 04 (n = 8), 7AE75 ± 3AE55% SD (range 3-12%) for A ⁄ New Caledonia ⁄ 20 ⁄ 99 (n = 8) and 8AE25 ± 4AE04% SD (range 3-15%) for B ⁄ Malaysia ⁄ 2506 ⁄ 04 (n = 8). Taken together, our results indicate no statistical difference between EIA and SRID in regard to repeatability and intermediate precision when used to determine HA content (P > 0AE05 for both repeatability and intermediate precision).
EIA correlates with SRID for measurement of haemagglutinin concentration
The correlation between the EIA and SRID assays for quantitation of HA antigen was determined by testing multiple independent MPH preparations derived from the vaccine candidate strains A ⁄ Uruguay ⁄ 716 ⁄ 07 (H3N2; n = 3), A ⁄ Brisbane ⁄ 10 ⁄ 07 (H3N2; n = 3), A ⁄ Victoria ⁄ 210 ⁄ 09 (H3N2; n = 1), A ⁄ Brisbane ⁄ 59 ⁄ 07 (H1N1; n = 2), B ⁄ Brisbane ⁄ 3 ⁄ 07 (n = 3), B ⁄ Florida ⁄ 4 ⁄ 06 (n = 3) and B ⁄ Brisbane ⁄ 60 ⁄ 08 (n = 1). We demonstrated a linear correlation between the two methods with an R 2 value of 0AE957, when all strains were analysed together ( Figure 1 ). Analysis of each strain separately yielded higher levels of correlation: 0AE992 for A ⁄ Uruguay ⁄ 716 ⁄ 07, 0AE999 for A ⁄ Brisbane ⁄ 10 ⁄ 07, 0AE990 for B ⁄ Brisbane ⁄ 3 ⁄ 07 and 0AE995 for B ⁄ Florida ⁄ 4 ⁄ 06. These data demonstrate a strong correlation between HA quantitation between EIA and SRID assays. 
NT, not tested; CV, coefficient of variation; HA, haemagglutinin.
EIA can be used as a stability-indicating assay
Trivalent vaccine material was held at 2-8°C and sampled at 0, 1, 2, 3 and 6 months. The HA concentration of A ⁄ Brisbane ⁄ 10 ⁄ 07 (H3N2) and B ⁄ Brisbane ⁄ 3 ⁄ 07 was tested using EIA and SRID (Figure 2A,B) . Both EIA and SRID assays showed slight fluctuation in HA antigen content over time; however, there was no notable difference between results from the two methods. In separate experiments, vaccine material containing strains A ⁄ Wisconsin ⁄ 67 ⁄ 05 (H3N2) and B ⁄ Malaysia ⁄ 2506 ⁄ 04 was held at RT and sampled on days 0, 1, 4, 7 and 21, and the HA content of these samples was measured by EIA and SRID ( Figure 2C,D) . Again, no notable differences in the HA antigen content were measured using the two methods. The stability-indicating properties of the EIAs were examined by analysis of trivalent vaccine, which had been subjected to heat (60°C), oxidative (0AE001-5% hydrogen peroxide) or pH (pH 2-10) stresses. The stressed vaccines were analysed for the HA content of two strains contained within the vaccine, using both EIA and SRID assays (Figure 3) . Generally, the two methods gave similar results. The detection of HA antigen decreased as the heating time or concentration of hydrogen peroxide was increased. When the vaccine preparations were exposed to pH below 5, the content of HA for both viruses was very low or undetected.
The HA concentration decreased as the pH increased from 8 to 10, although not as strongly as for low pH. These results demonstrate that the EIA assays described were stability indicating. Whilst the EIAs were consistently more susceptible to the impacts of temperature stress, some examples of SRID having higher susceptibility to hydrogen peroxide and pH stress were observed. Higher than expected fluctuations in the precision of the EIA, especially under chemical stress ( Figure 3E,F) , were also noted, which were not observed in previous precision studies.
Use of EIA to measure disruption of virus particles for split influenza vaccine
As part of the manufacturing process, it is necessary to analyse the HA content of detergent-split material from purified virus preparations that have been separated by ultra-centrifugation over a sucrose gradient. 18 We measured the HA concentration of the different fractions representing different degrees of splitting by EIA and SRID (Figure 4) .
We observed comparable detection of HA antigen across the four fractions. Whilst some HA content appears slightly higher in fractions 3 and 4 by SRID, this was not statistically significant (P ‡ 0AE05; fraction 3 and 4) and may be a consequence of low HA concentration approaching the LOD of the SRID assay for these samples. 
EIA can be utilised across multiple years to quantify drifted strains
To understand the impact of EIA on assay development, we assessed the reactivity of drifted strains by EIA. For this purpose, we used historical data for vaccine strain changes that required updating reagents for the SRID assay with each new strain (Table 3) . Table 3 outlines the number of strain changes for new strains incorporated into the influenza vaccine from 2000 to 2011, the number of SRID assays developed over this time and the number of EIA assays that could be utilised across these years. From 2000 to 2011, 22 strain changes occurred requiring updates to reagents, and at least two additional reagent sets were developed for H5N1. Thus, 24 sets of reagents were required to be developed and optimised over this 12-year period. In comparison, our EIA data suggest that only 11 EIA assays would have needed to be developed in order to be able to assess the antigen concentration of drifted strains across this time period. Importantly, several EIAs were effective for quantitating 'forward' drifted strains from influenza seasons at or subsequent to the time at which the mAbs were raised. Of the 24 strains active during the 12-year period, 12 EIAs would have been 'forward' reacting and available rapidly following virus drift.
Discussion
Measurement of HA antigen by an immunological technique is a requirement for registration of influenza vaccine 18 and is essential for the formulation of influenza vaccine potency as well as monitoring product stability for the duration of vaccine administration. Whilst numerous studies have examined the development of alternative assays that are more sensitive, accurate and robust, [6] [7] [8] 10, 19 SRID continues to be utilised by the majority of vaccine manufacturers to standardise influenza vaccine. This is because it satisfies requirements for an immunological assay for HA as recommended by a World Health Organisation Expert committee 8 and is a listed requirement in the British Pharmacopoeia. 18 In this report, we demonstrated EIA was comparable to the SRID assays with respect to measuring levels of influenza antigen and also demonstrated improved sensitivity and comparable precision. The LOD for SRID (approximately 10 000 ng HA ⁄ mL) was significantly higher than any of the EIA assays described here. For EIA, the mAbs used were selected by their HA-specific HAI ability, suggesting reactivity to the receptor binding site of HA. 20 This site induces high levels of neutralising antibodies upon vaccination. 3, 21 We suggest that utilising the same mAb raised against a unique epitope site for capture and detection in a sandwich EIA limits detection to native, trimeric (and higher order complexes of) HA. Denatured and monomeric HA molecules are unlikely to be detected. Significantly, this corresponds to detection of the HA species (native, trimer) considered optimal for eliciting neutralising antibodies 21 and thus most effective for vaccine material. Supporting this, mice vaccinated with physically or chemically stressed vaccine produced significantly lower levels of HA-neutralising antibodies and were less protected against a lethal influenza challenge. 22, 23 We have demonstrated decreased detection of HA upon chemical and physical stresses suggesting EIA, like SRID, can measure vaccine stability. The EIA detection of temperature-stressed HA was consistently lower for both influenza A and B viruses compared with SRID, suggesting EIA may have greater sensitivity for detecting temperature impacts on vaccine material. Further, Epand and co-workers indicated that heat stress of a H1N1 and H3N2 virus between 55 and 65°C resulted in a decrease of trimeric HA present and an increase in monomeric HA present, 24 providing further evidence that EIA only detects trimeric, native HA. Assessing the stability of HA in response to chemical stresses was less clear. Chemical stresses may have had more subtle impacts on protein structure and folding, thus differing the impacts on binding of mAb and polyclonal sera. Whilst SRID was more sensitive to chemical stress than EIA in some instances, a more detailed study would be required to understand the differences in detection. Fluctuations in the precision of EIA were also observed for HA subjected to a pH of 6, for both A ⁄ Wisconsin ⁄ 67 ⁄ 05 (H3N2) and B ⁄ Malaysia ⁄ 2506 ⁄ 04 at a higher rate to that of SRID. This was not observed during other precision analysis and may be because of structural instability of stressed, trimeric, HA. This observation may not have been apparent in material tested by SRID, which also detects HA in non-native and monomeric forms, as well as possible non-specific binding, because of the use of polyclonal antiserum.
Our data demonstrated that a single EIA often crossreacted with drifted strains over several years. As an example, the mAb raised against B ⁄ Wisconsin ⁄ 1 ⁄ 10 crossreacted with viruses of the B ⁄ Yamagata ⁄ 16 ⁄ 88 lineage between 1994 and 2000, a period of 17 years. We also demonstrated that several EIAs were effective for quantitating 'forward' drifted stains isolated in or subsequent to the year at which the mAb was raised. Over a 12-year period examined, this corresponded to 12 instances where EIA mAb reagents would have been rapidly available following virus drift. In contrast, SRID reagents have limited utility for drifted strains with the development of new reagents highly recommended for each new candidate strain. 19 There are reports of cross-reactive polyclonal antiserum being utilised in SRID against newly drifted strains 25 ; however, to our knowledge, the use of cross-reactive SRID reagents to drifted strains over a period of several years has not been extensively published. We suggest that EIA has the potential to reduce the number of reference reagents that need to be developed when compared with SRID.
The generation of polyclonal sera used in SRID takes approximately 12-16 weeks to produce and is reliant on obtaining purified HA antigen. The purification of HA may be impacted by susceptibility to enzyme degradation and has previously delayed the development of SRID reagents and consequently release of vaccine. 26 In contrast, generation of mAb for EIA does not require purification of HA antigen and, in our laboratory, it takes approximately 6 weeks to reach the validation stage of the EIA.
The generation of large quantities of reference antigen is required for both EIA and SRID assays. This represents a bottleneck in the development of assay reagents that has the potential to delay the release of EIA for quantitation of HA antigen. Strategies to rapidly standardise reference anti- EIA development for quantitation of influenza HA ª 2012 Blackwell Publishing Ltd gen for use in the EIA are currently being investigated as well as using existing reference antigen to accurately determine potency of drifted strains. We suggest that due to its increased sensitivity, detection of drifted strains, reduction in development time and the possibility of automation, the EIA assay provides a robust alternative to the SRID assay that is currently used for the quantitation of HA antigen in influenza virus vaccine. The simplicity of this EIA would also allow for rapid transfer to laboratories around the world.
